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ABSTRACT
Sixt, Karen C., M S., December, 1988 Geology
Temperature of Deformation and Minimum Amount of Transport in the Bitterroot 
Mylonite Zone, Bitterroot Range, Montana (69 pp.)
Co-director: Donald W. Hyndman 
Co-director: James W. Sears
A 500-m thick section of amphibolite-grade S-C mylonite forms the eastern 
front of the Bitterroot Range, and is a prominent feature of the Bitterroot 
metamorphic core complex. The mylonite formed in granodiorite of the Idaho- 
Bitterroot batholith. Intrusive and textural relationships between granitic rocks, 
synplutonic mafic dikes, and late-stage pegmatite dikes in canyons west of 
Hamilton constrain the relative timing and temperature of mylonitic deformation. 
Ductile strain in mafic dikes indicates that shearing occurred while the dikes 
were still plastic. Pegmatite dikes were emplaced into the active shear zone, and 
exhibit a wide range of deformation styles. Shear strain concentrated in 
incompletely crystallized pegmatites, which now appear as thin, fine-grained 
streaks parallel to mylonitic foliation. Other pegmatites retain large (up to 8 cm) 
rotated orthoclase megacrysts. Within mafic dikes, thin felsic veins are 
isoclinally folded. Pegmatites also crosscut foliation in mafic dikes, and are 
themselves slightly foliated, though they are much less deformed than those 
pegmatites emplaced into granodiorite. The few pegmatites that crosscut 
mylonitic foliation in the granitic rocks are virtually undeformed. This suggests 
that shearing ceased during the latest stages of crystallization of the batholith, 
probably in response to an increase in the rock’s strength. This relationship thus 
constrains the minimum temperature of mylonitization to about 650®C, or the 
solidus temperature of granitic pegmatites at an estimated 4.5-5 kb.
The shear zone offsets mafic dikes relative to their initial emplacement west 
of the Bitterroot divide. Their translated position within the mylonite zone 
provides a minimum transport estimate of 25 ± 5 km on this segment of the 
zone.
n
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CHAPTER 1
INTRODUCTION
A 500-m thick section of amphibolite-grade S-C mylonite forms the eastern 
front of the Bitterroot Range in western Montana (Figure 1). It is a very 
prominent feature of the Bitterroot metamorphic core complex, one of a 
discontinuous belt of similar core complexes exposed in the Cordillera from 
British Columbia to Sonora, Mexico (Coney, 1980). The mylonite grades sharply 
upward into a thinner section of greenschist-grade mylonite and chloritic breccias 
(Myers, 1986), For most of its length, the mylonite formed in granitoid rocks of 
the Idaho-Bitterroot batholith, and represents a major ductile to brittle, eastward- 
verging shear zone. The shear zone and the resultant rock fabrics have been 
variously attributed to the gravity-driven movement of the Sapphire tectonic block 
eastward off the upward-doming batholith (Hyndman, and others, 1975; Hyndman,
1980); to shear during emplacement of the batholith (Gaimezy and Greenwood,
1981); and to extensional tectonics or crustal thinning (Gaimezy and Sutter, 1983; 
Garmezy, 1983). Recent investigations of the radiometric ages of minerals in the 
mylonite zone (Bickford and others, 1981; Chase and others, 1983; Garmezy, 
1983; Fleck and Criss, 1985), and of the significance and timing of the 
greenschist-grade mylonites and chloritic breccias relative to the amphibolite-grade 
mylonites (Myers, 1986; Hyndman and Myers, 1988), present a picture of an 
upward-doming Bitterroot batholith, rapidly brought to the surface from 
considerable depths along a major crustal shear. The uplift may have
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Figure 1. Map of Idaho-Bitterroot batholith and mylonite zone. TKg = late 
Cretaceous-Paleocene granitic rocks; Kt = Cretaceous tonalité and some quartz 
diorite; Tg = Tertiary granite; pC-m = Proterozoic Belt metasedimentary rocks; 
TQ = Tertiary and Quaternary valley fill deposits. Modified from Hyndman 
(1984).
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occurred in two discrete stages, the first represented by the higher-grade 
amphibolite mylonite, the second by the greenschist mylonite and chloritic breccia 
at significantly shallower crustal levels (Hyndman and Myers, 1988).
The present study focuses on the amphibolite-grade mylonite exposed in the 
canyons of Blodgett Creek and Canyon Creek, just west of Hamilton (Figure 2). 
The objectives are to further constrain the conditions and relative timing of 
deformation on this segment of the shear zone, and to provide an estimate of the 
minimum displacement along the zone.
Particularly important in establishing P-T constraints are the intrusive and 
textural relationships of the various rock types in the zone. Three main rock 
types occur in the study area; they are, 1) granodiorite; 2) pegmatite; and 
3)amphibolite. The bulk of the rocks are granodiorite of the Grave Peak pluton, 
one of many intrusive phases of the Bitterroot batholithic complex (Toth, 1987). 
Late-stage pegmatite dikes and veins cut the Grave Peak pluton. Pegmatite 
bodies are nearly everywhere parallel to mylonitic foliation in the granodiorite, 
and exhibit a wide range of deformation styles. Some pegmatites occur now as 
thin, ultramylonitic streaks, implying that they were still hot while deformed (La 
Tour and Barnett, 1987). This relationship suggests that mylonitization was 
active at least during the latest, pegmatitic stages of crystallization of the 
batholith. Thus, a minimum temperature may be inferred for the amphibolite- 
grade shearing event. The amphibolite bodies are synplutonic mafic dikes, 
transposed into the shear foliation in the granodiorite. An estimate of the 
transport along the zone will constrain competing tectonic models. I analyzed
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offset on this particular segment of the amphibolite-grade mylonite by measuring 
the displacement of a swarm of synplutonic mafic dikes from their original 
position west of the Bitterroot divide. The west side of the fault moved up and 
to the west at least 25 ± 5 km at the latitude of Blodgett Creek, transporting 
mid-crustal rocks to near-surface levels along a low-angle path. Similar 
displacement estimates by workers in other Cordilleran metamorphic core 
complexes (e.g., Naruk, 1987), support the estimate in the Bitterroot Range.
PREVIOUS INVESTIGATIONS
Early descriptions of the Idaho-Bitterroot batholith by Lindgren (1900, 1904) 
and Anderson (1930) were based on large-scale leconnaisance studies. Beginning 
in 1978, the U.S. Geological Survey conducted a five-year study in the more than 
5000 km^ Selway-Bitterroot Wilderness Area, with the purpose of assessing the 
mineral resources of the Bitterroot batholith and its border zones. Out of this 
study came a number of maps and papers that outlined the structure, petrology 
and origin of the interior of the batholith and its borders (Reid, 1987; Toth,
1983a, 1983b, 1987; Bittner, 1987). Hyndman (1980, 1981, 1983, 1984), 
Hyndman and Talbot (1976), Hyndman and Williams (1977), Williams (1977), 
and Wiswall and Hyndman (1987) presented additional findings on the petrology, 
structure, and intrusive history of the Bitterroot batholith. Hyndman and Foster 
(1988) examined the role of synplutonic mafic dikes in the formation of the 
batholith. Hyndman and others, (1988) reviewed the structure, tectonics and 
metamorphic history of the northern Idaho batholith region.
Many recent investigations in the area focus on the Bitterroot metamorphic
6
core complex, and in particular, the mylonite zone that forms the eastern front of 
the range. Bickford and others (1981), Chase and others (1983), Garmezy 
(1983), Garmezy and Sutter (1983), Fleck and Criss (1985), and Criss and Fleck
(1987) studied the geochronology of the Bitterroot lobe, and of the mylonite, by 
means of radiometric dating. Rankin (1982) detailed the fabric development of 
the mylonite. Kerrich and Hyndman (1986) examined the oxygen isotope ratios 
in quartz and muscovite from mylonitic rocks in Sweathouse Creek, with the 
purpose of constraining the thermal and fluid regimes during mylonitization.
La Tour and Barnett (1987) addressed the geothermometry of mineralogical 
changes accompanying mylonitization. Myers (1986) and Hyndman and Myers
(1988) studied the transition from amphibolite-grade and greenschist-grade 
mylonite to chloritic breccias, and examined the significance of this transition.
PRESENT STUDY
Figure 2 indicates the area included in this study. The primary study sites 
are the segment of Canyon Creek from near the mouth to about 2 km up U.S. 
Forest Service trail #525, and Blodgett Creek, from the mouth west to the last 
exposures of mylonite (about 4 km from the mouth of the canyon along U.S.F.S. 
trail #19). In addition to these sites, a traverse from Elk Summit Guard Station 
to Blodgett Pass, then east down the length of Blodgett Canyon, served as a 
valuable check of features on an existing reconnaisance map of the batholith 
interior (Toth, 1983a). U.S. Highway 93 provides access to the Hamilton area, 
and U.S. Forest Service roads connect the highway with the trailheads. The 
amphibolite-grade mylonite crops out in high cliffs in Blodgett and Canyon
Creeks. Accessibility to outcrops varies from excellent in roadcuts near the 
mouth of Canyon Creek, to nearly inaccessible in the vertical cliffs of Blodgett 
Canyon.
In the primary study sites I observed and photographed the complex 
crosscutting relationships of granitic rocks, late-stage pegmatite dikes and veins, 
and synplutonic mafic dikes. With a Brunton azimuth compass I measured 
mylonitic lineation and foliation at each site, and in each rock type, in order to 
compare the orientations with those found in other parts of the zone. I plotted 
the structural data on an equal area, lower hemisphere Schmidt net. I collected 
oriented and non-oriented samples of each rock type for thin section analysis, and 
cut thin sections parallel to mylonitic stretching lineation (the maximum principal 
stretch direction) and perpendicular to mylonitic foliation. This orientation 
provides the maximum information on sense of shear. I then analyzed the thin 
sections in terms of fabric elements, sense of shear, and mineralogical 
composition.
To estimate displacement on the shear zone, I located a swarm of mafic 
dikes, shown in part on the map by Toth (1983a), in unmylonitized rocks west of 
the Bitterroot divide. This swarm is directly along the trend of the mineral 
stretching lineation, or slip direction, on the shear zone. After a careful traverse,
I concluded that this swarm was the source for the mafic dikes now transposed 
into the shear zone. From the relative positions of the two swarms I estimated 
the minimum offset.
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REGIONAL GEOLOGIC SETTING 
Metamorphic Core Complexes
The Bitterroot metamorphic core complex is part of a discontinuous belt of 
similar core complexes extending from southern Canada to northwestern Mexico, 
that lies just west of, and in some cases astride of, the east-directed foreland fold 
and thrust belt (Coney, 1980). The northern extent of the belt is in the Shuswap 
terrane of southern British Columbia and northeastern Washington. From here it 
continues southward into the Idaho batholith, then stretches across eastern Nevada 
into Arizona, and finally into Sonora, Mexico (Figure 3). Most of the belt 
appears to have developed close to the westernmost edge of the original North 
American craton, and may have formed in the tectonically thickened part of the 
Cordilleran lithosphere (Coney and Harms, 1984). The regular distribution of the 
complexes suggests a similar tectonic origin, and prompts a correlation with 
regional tectonic regimes of the Mesozoic and Cenozoic.
The complexes are similar in rock types, structures, and fabrics, and often 
have an asymmetrical domal profile. Metamorphic core complexes typically 
contain two distinct domains; a lower high-grade metamorphic-plutonic terrane, 
and an upper, much less metamorphosed cover. A narrow discontinuity separates 
the domains, and marks an abrupt change in structural style and rock types.
The metamorphic basement contains a gently-dipping foliation, the attitude of 
which generally defines the arch-like shape of the complex. Within the foliation 
plane is a mineral lineation. The lineation trend is typically very consistent 
within a given complex, and commonly in adjacent complexes as well. This can
be demonstrated especially in southern Arizona and Sonora, Mexico, where 
lineation trends about N60®E in 15 different complexes over a distance of 400 
km (Davis, 1980). The dip of foliation on the flanks of the domes is seldom 
greater than 20°-30°. Granitoid plutons are very common as protoliths in the 
lower domain. Other protoliths include Precambrian metasedimentary basement 
rocks, Precambrian plutons and Mesozoic sediments (Coney, 1980).
The unmetamorphosed cover rocks are separated from the metamorphic- 
plutonic core by the thin transition zone, or brecciated discontinuity. Commonly 
the cover is missing; in some cases isolated klippen remain. Types and ages of 
these rocks are, like the basement, highly varied. But all of these rocks appear 
to be displaced relative to the basement rocks below, and extensional deformation 
of the cover is extreme.
The Cordilleran crust has been greatly extended during the Cenozoic, from at 
least Eocene to the present. There have been two different periods of extension, 
caused by different boundary conditions at the western margin of the North 
American plate (Zoback and others, 1981). The first, associated with eastward 
subduction and renewed arc volcanism, caused a series of low-angle normal faults 
and local metamorphism, which is now exposed in the Cenozoic core complexes. 
This type of extension. Eocene in age, is observed in the core complexes north 
of the Snake River Plain (Coney, 1980). Later east-southeast extension, 
beginning about 10 Ma (Zoback and others, 1981), caused the typical Basin and 
Range morphology of evenly-spaced mountain ranges bounded by normal faults 
with steep near-surface dip. This type of extension controlled the southern core
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complexes, and is Oligocene-Miocene in age. Associated with these extensional 
events was a period of spatially widespread volcanic eruptions and emplacement 
of shallow plutons (Dickinson, 1981).
Models for Core Complex Development
Some of the first perceptions of Cordilleran metamorphic core complexes 
(Misch, 1960; Armstrong and Hansen, 1966; Price and Mountjoy, 1970) were of 
an infrastructural orogenic core zone in the hinterland behind the foreland thrust 
belts. With more modem ideas about collisional tectonics, models emerged for 
the Canadian complexes that involved obduction of accreted terranes over North 
America, followed by telescoping extending into the foreland (Brown and Reid, 
1983). All these models imply a tectonic relation to the thrust belts to the east, 
and therefore an age relation; that is, both are middle Jurassic to early Tertiary in 
age. They also imply that the features of the complexes are compressional in 
origin. Other models perceived the complexes as Tertiary in age, and extensional 
in origin (Davis and Coney, 1979; Coney, 1979).
Most workers today favor an extensional model for core complex 
development, particularly one involving major extensional shear that extends to 
the base of the crust (Wernicke, 1981, 1985). This is especially true for the 
southwestern core complexes, though extensional models for the Bitterroot 
mylonite have also been proposed (Chase, Bickford and Arruda, 1983; Garmezy 
and Sutter, 1983).
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The Idaho Batholith
The Idaho batholith covers 39,000 km^ in western Montana and north-central 
to southern Idaho (see Figure 1). It is one of a long chain of Mesozoic, 
probably subduction-related granitoid batholiths extending along the western edge 
of the North American Cordillera. It is divided into the southern Atlanta 
batholith and the younger and smaller Bitterroot batholith. Proterozoic high-grade 
metasedimentary rocks of the Salmon River Arch separate the two batholiths 
(Armstrong, 1975).
The Idaho batholith occupies Precambrian continental North America, east of 
the Western Idaho suture zone which separates North America from the Triassic 
Seven Devils volcanic arc (Fleck and Criss, 1985). The batholith intruded 
Proterozoic sillimanite-zone metasedimentary rocks of the Belt Supergroup, and 
pre-Belt orthogneiss basement rocks (Armstrong, 1975; Hyndman, 1983). 
Radiometric dating suggests that regional metamorphism of the Proterozoic rocks 
occurred between about 105 and 75 Ma ago. The western border zone of the 
batholith is composed of older gneissic tonalités (Hyndman, 1983), and appears to 
temporally overlap sillimanite-grade regional metamorphism. Rock types of the 
main-phase plutons are dominantly muscovite-biotite granite to granodiorite, 
which is medium-grained, and ranges from massive to moderately foliated. The 
Bitterroot batholith, with which this study is concerned, is younger than the 
Atlanta batholith. The limited number of acceptable radiometric dates available 
from its more felsic main-phase plutons suggests that they cooled in the latest 
Cretaceous and Paleocene, over a relatively short time period (66-57 Ma)
13
(Bickford and others, 1981; Chase and others, 1983; Garmezy, 1983; Garmezy 
and Sutter, 1983; Fleck and Criss, 1985; and Criss and Fleck, 1987). Given the 
deep level of emplacement, it seems likely that intrusion of the main phases 
began somewhat earlier. The batholith forms a broad, flat-crested arch or dome 
in the northeastern section. The dome is defined by flow features such as the 
preferred orientation of primary mineral grain alignments and schlieren (Reid, 
1987; Wiswall and Hyndman, 1987). A biotite granodiorite border zone, 
approximately 10 km wide, encloses the main phase granodiorite to granite of the 
batholith interior (Hyndman, 1983). Several separate plutons are recognized in 
the batholith interior (Toth, 1987), and are distinguished on the basis of textural 
and mineralogical variations, and crosscutting relationships. Chemically, though, 
they are nearly indistinct, and probably represent a huge comagmatic suite 
(WiswalJ and Hyndman, 1987). Several types of dike rocks are also present in 
the Bitterroot batholith. These include leucocratic pegmatite; fine-grained biotite 
and homblende-biotite granite; homblende-biotite diorite, quartz diorite, tonalité, 
basaltic andésite, andésite, and dacite; and hypabyssal rhyolite and rhyodacite 
(Toth, 1987; Hyndman and Foster, 1988). The characteristics of the pegmatite 
and diorite dikes are considered in greater detail below.
Within and adjacent to the Bitterroot batholith are several epizonal Eocene 
plutons and the associated Challis volcanics. The composition of the plutons is 
granite and alkali feldspar granite, and their emplacement probably reflects 
extensional tectonism, including normal faulting and crustal thinning, in the 
Bitterroot lobe as early as 54 Ma, and possibly up to 51 Ma (Toth, 1987).
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Hyndman and Myers (1988) attribute the shallow Eocene plutons and volcanics to 
pressure relief melting of water-undersaturated rocks, initiated by rapid shallowing 
of the batholith in response to amphibolite-grade mylonitization and chloritic 
brecciation along the Bitterroot front. These shallow plutons intrude deep-level 
rocks of the batholith, indicating a signifrcant amount of extension and uplift 
before 51 Ma. Associated Eocene dike swarms appear to be rotated across the 
Bitterroot Valley (Hyndman and others, 1988), suggesting that further extension 
and rotation about a nearby vertical pole occurred after their emplacement.
The Bitterroot Mylonite
The eastern flank of the Bitterroot dome contains a pervasive mylonitic 
foliation that dips approximately 25® to the east. A very strongly-focused 
mineral stretching lineation in the foliation plane trends 105®-110® in the 
amphibolite-grade mylonite, recording the direction of extension and transport 
within the shear zone. Kinematic features such as S-C surface orientations, mica 
fish, and rotated orthoclase porphyroclasts indicate a top-to-the-east shear sense. 
Superimposed on the uppermost several meters of the amphibolite-grade mylonite 
are extensional, en echelon fracture sets, containing greenschist facies mineralogy 
(Hyndman, 1977; Myers, 1986). The amphibolite mylonite grades sharply 
upward to ductile-to-brittle greenschist mylonite and chloritic breccia, within a 
transition zone of no more than 2-5 meters (Hyndman and Myers, 1988). The 
lineation trend in the greenschist mylonite is generally similar to that in the 
amphibolite mylonite, though much more diffuse. Myers (1986) and Hyndman
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and Myers (1988) suggest that the greenschist mylonite may have formed at a 
later time than the amphibolite mylonite, in response to renewed movement along 
the zone.
Geochronology of the Idaho-Bitterroot Batholith
Radiometric ages of the plutons in the Bitterroot batholith range from 100-80 
Ma (fission track, sphene) for the tonalité and quartz diorite plutons along the 
western and northeastern margins (Chase and others, 1978), to 66-57 Ma (U-Pb, 
zircon) for the granodiorite and monzogranite plutons, including the Grave Peak 
pluton, that form the bulk of the batholith*s interior (Chase and others, 1978, 
1983; Bickford and others, 1981). Some of the zircon lower intercepts obtained 
in these studies may reflect lead-loss associated with later events. This is 
especially likely in and near the mylonite zone. Epizonal plutons intruded shortly 
after the emplacement of the main plutons, between about 51 and 46 Ma (K-Ar, 
hornblende) (Toth, 1987). Unloading of 10-15 km of cover rocks and 
development of the amphibolite-grade mylonite appears to coincide generally with 
primary crystallization of the Bitterroot batholith (Hyndman and others, 1975; 
Hyndman, 1980; Kerrich and Hyndman, 1986; La Tour and Barnett, 1987).
The age of mylonitization is difficult to determine using radiometric dating 
methods because of possible overprinting from thermal events during the Eocene. 
However, the age can be bracketed between the apparent emplacement age of the 
main phase granitic plutons (66-57 Ma) and the intrusion of Eocene epizonal 
plutons (51-46 Ma), since the epizonal plutons must be related in time to 
dramatic shallowing of the batholith prior to the middle Eocene.
CHAPTER 2
FIELD RELATIONSHIPS IN THE AMPHIBOLITE-GRADE MYLONITE ZONE
Where intersected by the shear zone in Blodgett and Canyon creeks, the 
granodiorite of the Grave Peak pluton ranges from protomylonite to Type II S-C 
my Ionites, with the C-surface, or shear plane, defining the most obvious foliation 
in outcrop (c.f.: Lister and Snoke, 1984). The rocks characteristically grade from 
undeformed granodiorite in the interior, to weakly and irregularly foliated rocks 
in a transition zone, to the strongly mylonitic rocks that form the Bitterroot front 
(Rankin, 1982). Fabric elements obvious on the outcrop scale include pervasive 
mylonitic foliation, with a somewhat wavy, or "corrugated" appearance, dipping 
gently (25-30°) to the east-southeast, and a distinct mineral stretching lineation 
lying in the foliation plane, with a strongly focused trend of 105° to 110°. 
Deformation appears rather uneven, with thin, anastomosing shear planes in some 
places cutting across the more pervasive foliation. Local occurrences of 
psuedotachylite and ultramylonite in Canyon Creek, and noted elsewhere in the 
shear zone by Chase and others (1983), are perhaps an indication of sudden 
dramatic increases in strain rate (c.f.: Sibson, 1980). The structural data are 
illustrated in Figure 4.
In both Blodgett Creek and Canyon Creek, mafic dikes are well-exposed in 
vertical cliffs (Figure 5). They are, on the average, oriented nearly parallel to 
the mylonitic foliation, and are themselves mylonitized and highly attenuated.
Some of the dikes appear to have been folded, then boudinaged as shearing
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Figure 4. a. Orientation of poles to mylonitic foliation in field area, plotted on 
lower hemisphere, equal area stereonet; b. Orientation of mineral stretching 
lineations, within the plane of foliation.
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progressed. This relationship suggests that at least some of the dikes were 
progressively rotated into the shear zone and displaced relative to their original 
positions to the west (c.f.: Skjemaa, 1986). Their present orientations reflect the 
various orientations of individual dikes prior to ductile shearing. The dike-granite 
contacts within the mylonite vary from sharp to gradational to quite irregular. 
Mafic dikes may have been intruded over the entire emplacement history of the 
batholith, supplying heat for continued melting of crustal rocks (Hyndman and 
Foster, 1988). The complex intrusive relationships between the granite and mafic 
dikes in the present field area support such an extended period of dike intrusion.
No mafic dikes have been found below the lower boundary of the mylonite 
zone in either Canyon or Blodgett creeks, and it seems likely, therefore, that the 
dikes exposed in the cliffs originated from the vicinity of a matic dike complex 
along the trend of the mylonitic lineation to the west, near the Elk Summit guard 
station (Toth, 1983a). A mafic dike swarm east of the guard station most likely 
originates from this complex. This swarm appears to extend as far east as 
Blodgett Pass. Similar swarms further south, in the vicinity of the Paradise 
pluton, are noted on the reconnaisance map by Toth (1983a), and appear to 
originate from several nearby mafic dike complexes.
Where pegmatite dikes are found in the study area, most are parallel to the 
mylonitic foliation in the host granodiorite. Thin felsic veins are isoclinally 
folded within mafic dikes. In Canyon Creek a few late pegmatite dikes crosscut 
mafic dikes at a high angle to mylonitic foliation, and cut other pegmatites that 
are parallel to the foliation (Figure 6), though this relationship has thus far only
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been observed in talus blocks. Many pegmatites within the granite are extremely 
sheared, appearing as leucocratic streaks from a few cm to 15 cm in thickness 
(also noted by La Tour and Bamett, 1987). Some, however, contain very large 
(up to 8 cm) K-feldspar porphyroclasts, in a matrix of highly deformed grey 
quartz. Extensional veins showing an antithetic shear sense are well developed in 
the large porphyroclasts, and are filled with quartz (see Figure 6). Those 
pegmatites that crosscut the foliation in mafic dikes are slightly deformed; 
foliation parallel to the mylonitic foliation is poorly developed, and at a high 
angle to the contacts. A lesser degree of grain-size reduction is found in these 
pegmatites than in those emplaced into granodiorite. and there is very little 
obvious fabric development, possibly as a result of the greater competence 
expected in mafic rocks under amphibolite-facies conditions. It seems likely that 
strain would concentrate preferentially in those pegmatites intruding the less 
competent granodiorite, and this is what is observed in the field. Only rarely are 
pegmatite dikes or veins found crosscutting the mylonitic foliation in the granite, 
and these are thin and undeformed. Differing styles of deformation in the 
pegmatite occur in dikes that are in close juxtaposition. This suggests perhaps a 
continuum of pegmatite emplacement late in the deformational history, which 
ended shortly after movement on the zone had ceased, with the emplacement of 
small, late-stage pegmatitic veins.
Hibbard (1980) described the indigenous nature of late-stage pegmatitic dikes 
and veins in granitic plutons, and their complex intrusive relationships. He 
pointed out that intergranular fluids at various stages of crystal fractionation may
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Figure 5. Mafic dikes, transposed into mylonitic foliation 
Blodgett Canyon.
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Figure 6a. Isoclinally folded felsic vein within a ductile* deformed mafic dike.
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Figure 6b. Crosscutting pegmatite dikes in mafic talus block.
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Figure 6c. Pegmatite dikes parallel to mylontic foliation in granodiorite. Note large, rotated 
orthoclase clast. East is to the left. K)w
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Figure 6d. Large, pegmatite vein crosscutting mylonitic foliation in granite. Vein is 
undeformed.
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be released mechanically to form dikes and veins, even during the main 
magmatic stage of the pluton. Hibbard described the main stages of pegmatitic 
dike and vein emplacement as late-magmatic, early post-magmatic, and late post- 
magmatic. Complex intrusive relationships develop between dikes and veins as a 
pluton crystallizes. In an evolving shear zone, the relationships between the 
various stages of late-stage dikes is even more complex. In the case of the 
Bitterroot mylonite zone, the pegmatitic dikes and veins exhibit a wide range of 
deformation styles, depending possibly upon what stage in the deformational 
history they were intruded. These relationships are important in deciphering the 
timing of mylonitization relative to the crystallization stage of the batholith, and 
are examined in greater detail below.
MINERALOGY, FABRIC AND MICROSTRUCTURE
Granitic Rocks
The unmylonitized rocks of the Grave Peak pluton, with about 30% quartz, 
lie on the compositional boundary between granodiorite and monzogranite (Toth,
1987). They are slightly porphyritic in texture, and contain euhedral to subhedral 
feldspar phenocrysts 6 to 8 mm long, mainly orthoclase. The primary 
mineralogy consists of plagioclase, orthoclase, quartz, biotite, muscovite, and Fe- 
Ti oxides. Toth (1987) identified the accessory minerals in the granitic plutons 
as magnetite and minor ilmenite, zircon, monazite, apatite, and epidote. The 
mylonitic mineral assemblage is similar, with the addition of a small percentage 
of sphene.
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In the mylonite, quartz occurs mainly in parallel streaks that lie in the 
foliation plane. These bands, or "ribbons", result from the stretching of a single 
grain along the movement plane, and subsequent recrystallization into a fine­
grained aggregate. Within the ribbons, quartz subgrains have a grain shape ratio 
from approximately 4:1 to equant, with an average ratio of about 2:1. In ribbons 
where elongate grains developed, the grain boundaries show a rough parallelism, 
which produces a fabric oblique to the ribbon boundaries. Quartz also occurs 
within polyminerallic layers parallel to foliation, in association with myrmekite, 
and in extensional fractures in feldspar porphyroclasts. Nearly all the quartz 
exhibits undulatory extinction.
Orthoclase occurs in mylonitized granite as large untwinned porphyroclasts 
with inclusions of plagioclase, biotite and quartz. These arc clearly the relicts of 
megacrysts formed during original crystallization of the granite, and are now 
rotated in a top-to-the-east sense. Antithetic, extensional fractures abound in the 
clasts, and are generally filled with quartz. Fine-grained recrystallized orthoclase 
is present along the boundaries of large clasts.
La Tour and Bamett (1987) identified four distinct modes of plagioclase 
occurrence in protomylonitic granite from Sweathouse Creek, about 20 km north 
of Blodgett Creek. They designated these as PL I and PL II (primary), and PL 
in  and PL IV (secondary). PL I consists of the euhedral to subhedral inclusions 
in large K-feldspar clasts. PL II describes the twinned anhedral grains that make 
up a large part of the original feldspar in the granite. PL HI consists of small 
recrystallized grains on the margins of PL II and K-feldspar. PL IV, with quartz.
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occurs as myrmekite lobes that extend into K-feldspar clasts. All of these 
features and relationships are clearly present in the Blodgett Creek and Canyon 
Creek mylonite. The relationship between large orthoclase clasts and myrmekite 
lobes is illustrated in Figure 7.
Primary muscovite and biotite occur as mica ’fish’, and define the mylonitic 
foliation. Secondary muscovite is commonly much more fine-grained, and is 
associated with myrmekite and orthoclase. It also occurs as a replacement along 
cleavage traces of primary plagioclase. Both muscovite and biotite are found in 
microshear zones.
The S-C configuration of the granitoid rocks is very clear in thin section, 
and is sometimes evident in outcrop as well. S-surfaces lie approximately 
parallel to the X-Y plane of the finite strain ellipsoid, perpendicular to Gi 
(Ramsay and Graham, 1970), and are defined by the orientation of mica ’fish’, 
and roughly by the aligned boundaries of recrystallized quartz grains within the 
ribbon aggregates. The long axes of rotated feldspar porphyroclasts also lie in 
the S-plane. C-surfaces are defined by discrete microshear zones that cut the S- 
planes, by the recrystallized tails of mica ’fish’, and by the tails of rotated 
orthoclase porphryoclasts. Quartz ribbons are aligned parallel to the C-plane and 
define a distinct mineral-stretching lineation within that plane. The C-plane
Figure 7. Photomicrograph of large orthoclase clast with myimekitic growths along grain 
boundaries facing Gi. East is to the right. Field of view is 3.5 mm.
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in this case is the obvious mylonitic foliation seen on the macroscopic scale.
The obliquity of the S foliation to the C surfaces varies between 10® and 30®. 
General fabric elements are illustrated in Figure 8.
Feldspar porphyroclasts are a-type as defined by Simpson and Schmid 
(1983), with-finely crushed to recrystallized ’tails’ of the same composition 
extending into the C-planes. They commonly show extensive subgrain 
development on the sides of the clast facing the z-direction of the finite strain 
ellipsoid. Myrmekite is typically very well-developed along the K-feldspar 
porphyroclast boundaries facing and parallel to the S-planes (see Figure 7).
A similar relationship was noted by Simpson (1985) in rocks of the Eastern 
Peninsular Ranges mylonite zone in Southern California, and may be quite 
common in mylonite zones. Simpson (1985) attributes the formation and the 
position of the myrmekite to strain-related diffusion processes, inferring 
syntectonic growth. Mylonitic foliation is deflected around the large feldspar 
clasts, contributing to the wavy appearance of the foliation in thin section and in 
outcrop.
Mafic dikes
Mafic dikes outside the Bitterroot mylonite zone vary in texture from fairly 
coarse-grained to porphyritic, and rarely aphanitic. Composition varies
Figure 8. Photomicrograph showing typical mylonitic fabric in granodiorite. Note quartz 
bands, with long boudaries of grains aligned in S-plane. Shear planes (C-surfaces) are 
parallel to quartz ribbon boundaries. Field of view is 3.5 mm. East is to the right.
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from diorite or andésite to tonalité. This variation reflects a large amount of 
assimilation of, or magma mixing with, granitic material over the emplacement 
history of the multiphase mafic complexes (Toth, 1987; Hyndman and Foster,
1988). Primary mineral assemblages vary according to composition, with quartz 
ranging from zero percent to almost as much as the total feldspar. Quartz is 
generally anhedral. Biotite ranges from 1 to 46%, and hornblende from 2 to 
52%. K-feldspar is virtually absent. Plagioclase comprises from 5 to 20% of 
the primary mineral assemblage.
The mafic dikes sampled in the cliffs above Canyon and Blodgett creeks 
reflect the varying composition of the unmylonitized dikes of the Bitterroot 
batholith, and their metamorphic mineralogy varies accordingly. Mylonitized dike 
rocks contain anywhere from 0% to 40% hornblende, up to 35% biotite, up to 
20% plagioclase, with a lesser percentage of quartz. Accessory minerals include 
sphene and zircon (as inclusions in biotite). In some dikes there has been almost 
complete recrystallization of primary minerals, in others relict grains (most 
notably anhedral hornblende) are present as embayed, rotated clasts. Plagioclase 
is commonly recrystallized to a polygonal mosaic of strain-free grains.
Two distinct sets of foliations are observed in some dike samples from 
Blodgett Canyon, and their angular relationship is very similar to the S-C 
surfaces observed in the more felsic rocks. Both of the foliations are defined by 
hornblende and/or biotite (Figure 9). Because of the lower percentage of quartz 
in the more mafic mineral assemblages, a typical mylonitic fabric is not always 
present in the dikes. The difference in fabric development between the mafic
Figure 9. Photomicrograph of ductile-deformed mafic dike. Biotite and hornblende define 
two distinct foliations, similar to S-C surfaces. East is to the right. Field of view is 8.5 
mm.
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dikes and the granitoid rocks may reflect a difference in composition, or a 
difference in competence, and thus strain accommodation in the two rock types. 
Fabric development also varies somewhat in the mafic dikes, suggesting that 
different generations of dikes behaved differently, according to their strength and 
composition, during mylonitic deformation.
Pegmatite dikes
Primary minerals in pegmatite dikes as identitied by Toth (1987) are 
orthoclase, quartz, and lesser amounts of sodic plagioclase. Muscovite and garnet 
are observed locally, as are minor amounts of biotite. Metamorphic minerals 
observed in samples from Blodgett and Canyon creeks include quartz, muscovite, 
finely recrystallized feldspar, including plagioclase myrmekite, and garnet, in 
isolated veins. The garnets are undeformed and are assumed to be of 
metamorphic origin. They appear unrotated, and do not seem to appreciably 
deflect the mylonitic fabric, so probably developed fairly late in the deformational 
history. Garnet composition could conceivably be very significant for defining a 
low temperature limit for mylonitization.
S-C fabric is well-developed in the sheared pegmatite layers. The mylonitic 
foliation is commonly deflected around feldspar porphyroclasts. Mica ’fish’ are 
present, defining the S foliation, but tend to be smaller than in granite, and grain- 
size reduction in general has progressed to a much greater degree. The mylonitic 
fabric is very similar to that of the granitoid mylonite, but is much better 
developed. Ductile processes appear to have played a greater role in deformation
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and fabric development in the sheared pegmatites than in the granitoid rock, with 
the result that orthoclase clasts are commonly almost completely consumed by 
myrmekite, and new grains of orthoclase (Figure 10). Microstructures and 
deformation processes are discussed in more detail below.
The mylonitic rocks as a whole have a strong crystallographic preferred 
orientation, which can be seen by inserting a first order retardation (530 nm) tint 
plate. The grains within the quartz aggregrates exhibit a particularly strong 
preferred orientation. Rankin (1982) evaluated c-axis [0001] symmetry in quartz 
within the Bitterroot mylonite zone, and found girdle axes nearly coincident with 
lineation direction, and maxima arranged roughly symmetrical about the foliation 
plane. The difference in preferred orientation between these grains
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Figure 10. Photomicrograph of sheared pegmatite dike. Orthoclase clast shows a 
high degree of grain-size reduction, and is almost completely consumed by 
myrmekite and recrystallized orthoclase grains. Field of view is 3.5 mm.
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and the finely recrystallized grains in laminae of feldspar, muscovite and quartz 
is quite striking; the polymineralic bands show almost no preferred 
crystallographic orientation of grains within them.
KINEMATIC ANALYSIS OF MYLONITIC FABRICS
Several textural indicators, seen both on the outcrop scale and in thin section, 
document top-to-the-southeast sense of shear for the Bitterroot mylonite zone. 
Rotated feldspar porphyroclasts in the granitic and leucocratic samples show fine­
grained ‘tails’ that "step up" to the east (Figure 11). In addition, the S-C 
configuration present in most of the samples indicates in all cases a top-to-the- 
east shear sense. The S-surface represents the x-y plane of the finite strain 
ellipsoid, and is perpendicular to the direction of maximum shortening (o j, 
which is roughly subvertical in this case.
The mafic dikes have fewer kinematic indicators, but show fabric 
development similar to an S-C configuration that clearly represents a top-to-the- 
east shear sense. Much of the original fabric in these dikes may have been 
obscured by subsequent recrystallization, though these two foliation planes are 
preserved.
Mineral-stretching lineations, primarily of quartz in the granitoid rocks, and 
of hornblende in some of the mafic dikes, plunge to the east-southeast, and 
indicate the movement direction. They are very prominent in outcrop, and lie 
within the mylonitic foliation.
37
a.
Figure 11. Microstructuies indicating sense of shear in mylonites. a) S- C 
surfaces; b) rotated feldspar clast with recrystallized tails.movement direction. 
They are very prominent in outcrop, and lie within the mylonitic foliation.
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MICROSTRUCTURES ASSOCIATED WITH AMPHIBOLITE-GRADE 
MYLONITE
Simpson (1985) outlined the microstructural variations with increasing 
metamorphic grade in her study of granitic mylonites at the brittle-ductile 
transition in the Eastern Peninsular Ranges mylonite zone. Table (1) details 
some of her observations for rocks of the mid- to upper-greenschist facies and 
the higher epidote-amphibolite facies. In the Bitterroot mylonites, the ubiquitous 
presence of quartz ribbons, myrmekite development in K-spar clasts, orientation 
of mica ’fish’, and plagioclase mosaics in mafic dikes are all associated with 
amphibolite grade conditions during mylonitization. Grains within the quartz 
ribbons are not strain-free, however, as in Simpson’s (1985) study. Quartz in the 
Bitterroot mylonite exhibits undulatory extinction in virtually all cases.
Feldspar clasts in the Bitterroot mylonites exhibit micro-scale microstructures 
similar to those described by Tullis and Yund (1987) for cataclastic flow in 
experimentally deformed albite. Especially prevalent are very patchy extinction, 
as opposed to a continuous sweeping extinction typical for grains deformed by 
dislocation creep; grain-scale faulting; and the occurrence of very fine angular 
grains along the boundaries of the clasts. Brodie and Rutter (1986) suggest that 
high fluid pressures can cause brittle mechanisms to dominate even at very high 
temperatures. Pressure of H^O in the Bitterroot mylonites is estimated at -4.5-5 
kbar (Hyndman, 1981; Hyndman, and others, 1988). It should be noted here that 
some of the effects of cataclastic flow, for example the fine grain size of crushed 
material, facilitate transitions to other mechanisms and new phases, and may be 
obscured by progressive shearing or retrograde metamorphism. Strain weakening
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occurs as a result of the switch to different mechanisms. Thus, cataclasis may 
be an important first step in the evolution of ductile shear zones (Tullis and 
Yund, 1987).
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TABLE 1.
COMMON MICROSTRUCTURES ASSOCIATED WITH METAMORPHIC GRADE
Mid-upper greenschist grade
1. Quartz retains original ribbon 
texture, but bas undergone 
recovery to produce polygonal, 
elongate new grains, with planes 
of flattening facing direction of 
instantaneous shortening.
2. Orthoclase grains contain narrow 
planar zones of finely 
recrystallized feldspar of the 
same composition.
3. Plagioclase shows evidence for 
low-temperature plasticity in the 
formation of kink bands, and 
minor recrystallization along 
curvi-planar microcracks.
4. Mica deformed by kink band 
formation. Ribbon structure 
developed in biotite, with (001) 
planes symmetrically inclined 
about 30® to ribbon boundaries.
Epidote-amphibolite grade
1. Well-preserved quartz ribbons are 
ubiquitous, and help define a 
gneissosity. High-angle grain 
boundaries and strain-free grains 
suggests almost complete 
recovery and recrystallization of 
quartz grains within the ribbons.
2. Well-preserved orthoclase 
porphryoclasts occur between 
quartz ribbons, with recrystallized 
grains and subgrains parallel to 
the edges facing the maximum 
finite elongation direction. 
Myrmekitic intergrowths occur 
along the sides of the clast facing 
the maximum finite shortening 
direction.
3. Plagioclase grains are 
recrystallized to a polygonal 
mosaic.
4. Biotite and muscovite grains are 
completely recrystallized, with 
(001) planes subparallel with the 
margins of quartz ribbons.
Table 1. Summary of microstructures common to mid-upper greenschist and epidote 
amphibolite grade mylonitic rocks (after Simpson, 1985).
CHAPTER 3
F, T CONDITIONS DURING AMPHIBOLITE-GRADE MYLONTTIZATION
Hyndman (1981) estimated the depth of emplacement of the eastern 
Bitterroot batholith as approximately 17 km, under a corresponding pressure of 
~4.5 kilobars. Hyndman, and others (1988) revised this estimate to 17-22 km, 
corresponding to pressures of approximately 5-6.5 kilobars. At these depths, 
initial crystallization of the granitic magma would have begun at about 700® C 
(see Figure 12).
Kerrich and Hyndman (1986) estimated the temperature of amphibolite- 
grade mylonitization in the Bitterroot batholith as 550 ±50®C, based on oxygen 
isotope and fluid inclusion studies. These temperatures, and the fluid isotopic 
compositions obtained by the authors, are appropriate for a crystallized granitic 
pluton roof-zone environment near magmatic conditions.
La Tour and Barnett (1987) used a two-feldspar geothermometer to 
estimate the temperature of deformation at 500®C, which they stressed as a 
minimum temperature. Field relationships observed in Sweathouse Creek, which 
are very similar to those described above for Blodgett and Canyon creeks, led 
them to infer that shearing began prior to crystallization of pegmatite dikes, at 
temperatures higher than those indicated by their geothermometer. As in the 
present field area, pegmatite dikes in Sweathouse Creek are parallel to mylonitic 
foliation in granite, and exhibit a greater degree of mylonitic fabric development 
than in the surrounding granite. This is in direct contrast to the fact that 
pegmatite generally behaves more competently than granite during deformation.
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Figure 12. Solidus diagram for granitic magma under water-saturated conditions (after 
Hyndman, 1981). 6
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and commonly occurs as trains of boudins within the foliated host granite. In 
the Bitterroot mylonite, the greater ductility observed in the pegmatites indicates 
that they were at or near their solidus temperature at the time of mylonitic 
deformation.
A brief review of the occurrence of leucocratic, late-stage dikes and veins 
within the mylonite in Blodgett and Canyon creeks is appropriate here, from the 
presumed earliest occurrence to the latest, in terms of crystallization stage of the 
pluton and deformational history (Hibbard, 1980):
1) Some thin, felsic veins form isoclinal folds within ductile-deformed mafic
dikes;
2) some pegmatite dikes, parallel to mylonitic foliation in the granite, are
preferentially sheared relative to the host rocks. Some retain large K-spar 
porphyroclasts;
3) some pegmatite dikes crosscut the foliation in mafic dikes, and are somewhat
less deformed than those that intrude granite;
4) a few large pegmatitic veins crosscut mylonitic foliation in the granite at a
high angle, and are themselves undeformed.
The various occurrences outlined above may reflect progressively later stages of 
crystallization of the Grave Peak pluton, though it seems plausible that pegmatites 
emplaced at roughly the same time would behave differently in contact with 
mafic dikes than with granitic rocks. If mafic dikes deformed in a brittle manner 
during pegmatite emplacement, as appears to be the case, it is likely that 
pegmatite emplaced into these dikes would show a lesser degree of ductile strain
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than those emplaced into granite. Thus, these two pegmatite occurrences may be 
contemporaneous. The undeformed pegmatitic veins that crosscut mylonitic 
foliation in the granite appear to indicate that mylonitization ceased in response 
to final crystallization of the pluton, and the increased strength that accompanied 
final crystallization. The presence of large, rotated K-feldspar clasts in some dikes 
that are parallel to foliation in the granite may indicate intermittent movement in 
the zone, thus allowing megacrysts to develop before shearing, or may reflect the 
transposition of already crystallized pegmatites into the mylonitic foliation.
These relationships indicate a fairly narrow range of temperatures for 
mylonitic deformation. If fabric development in the granitic rocks preceded 
pegmatite emplacement, as appears to be the case for the very sheared 
pegmatites, mylonitization probably began prior to the intercept of the solidus for 
water-saturated alkali feldspar-rich rocks (pegmatite). As shown in Figure 12, 
this intercept occurs at 650-675® C at pressures of 4.5-5 kb. The temperature 
could not have been much higher, since the solidus temperature for granite at 
these pressures is only slightly higher (less than about 700® C), and the granitic 
rocks must have been in the late stages of crystallization in order to develop 
mylonitic fabric. If considerable shallowing of the batholith occurred along the 
shear zone prior to pegmatite emplacement, the confining pressure would be 
lower, and the solidus would be intersected at a higher temperature. The upper 
limit for the temperature of mylonitization is, of course, the solidus temperature 
of the granitic magma itself, roughly 700®C.
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Synplutonic maüc dikes deformed in a ductile manner prior to 
emplacement of late pegmatite dikes, as suggested by S-C fabric development, 
and by isoclinally folded felsic veins within the mafic dikes. During pegmatite 
emplacement, at temperatures estimated above to be in the range 650-675°C, 
mafic dikes behaved in a brittle manner, since fracturing at a high angle to 
foliation was necessary for the introduction of pegmatitic fluid. It is not clear 
whether the mafic dikes were generally in the brittle field at the time that 
pegmatites were emplaced. Suppe (1985) places rocks of similar composition in 
the ductile field at 650-675°C. So brittle mechanisms in mafic dikes at these 
temperatures may have been in response to either a drop in temperature, a loss of 
confining pressure during uplift, an increase in water pressure, causing hydro- 
fracturing, or perhaps a sudden increase in strain rate. The fact that pegmatite 
dikes, formed as late-stage differentiates, crosscut mylonitic foliation in mafic 
dikes supports the conclusion that the marie dikes are generally synplutonic with 
the main phase granitic plutons.
Undeformed pegmatite veins that crosscut foliation in the granite signify 
the end of amphibolite-grade mylonitization. The pressure at this stage is 
unclear, though the temperature must have been essentially at the solidus 
temperature of the pegmatite. Pegmatitic fluid could not have travelled very far 
in rocks that were substantially cooler, because crystallization would be nearly 
immediate. The apparent lateral extent of the veins indicates that they were 
emplaced into granitic rocks of a similar temperature. These latest fluids may 
have originated from deeper, less crystallized portions of the batholith, but more
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likely represent the very latest stage of vein emplacement at their present level.
The temperature estimate obtained by La Tour and Barnett (1987) is based 
on coexisting feldspar in myrmekite that may represent only the latest stages of 
deformation, since myrmekite rims on feldspar porphyroclasts would probably not 
survive progressive mylonitization without undergoing recrystallization (Hibbard, 
1979). Muscovite compositions, however, indicate formation of the mylonite at 
near magmatic conditions. The authors suggest that episodic growth of 
myrmekite occurred near magmatic conditions, under high enough water pressure 
to produce muscovite (-4.5 kb). The myrmekite observed in the Sweathouse 
Creek rocks, from which the 500° C estimate was obtained, may record the 
temperature of the latest stages of amphibolite-grade mylonitization, post- 
deformational temperatures, or simply the lowest temperature of feldspar 
equilibration. Simpson (1988) demonstrated syntectonic formation of myrmekite 
in muscovite-poor mylonites derived from granitic protoliths. Myrmekite lobes in 
her study were deflected into mylonitic foliation, indicating a strain-induced 
origin for the replacement reactions. No such relationship is observed in the 
Bitterroot mylonite, though the position of myrmekite on the boundaries of K- 
feldspar clasts facing the inferred finite shortening direction does suggest that 
strain played a role in myrmekite formation. A more detailed study of the 
geometry of the myrmekite lobes would perhaps resolve this question. If the 
myrmekite is demonstrated to be syntectonic, that would indicate a broader range 
of temperatures for amphibolite-grade mylonitization.
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In summary, geologic observations in Blodgett and Canyon Creeks 
indicate that mylonitization began during the late stages of crystallization of the 
Bitterroot batholith, and continued until crystallization was nearly complete. 
Temperatures of deformation consistent with a depth of emplacement of 17 km 
range from greater than approximately 675°C early in the deformational history, 
to about 650®C , and must have been close to that at the time that shearing 
ceased. These temperatures are consistent with the amphibolite-grade mineralogy 
observed in thin section.
TIMING OF MYLONITIZATION
Table 2 summarizes several studies of the geochronology of the Bitterroot 
batholith region, and the mylonite zone. Interpretation of radiometric ages varies 
between authors, and must be viewed in the context of observed geologic field 
relationships. For a full review and discussion of methods and interpretation of 
results, see Hyndman and Myers (1988).
U-Pb data from non-mylonitic samples, reported by Chase, Bickford, and 
Tripp (1978), Bickford and others (1981), and Chase, Bickford, and Airuda 
(1983), suggest ages of crystallization ranging from 66±10 m.y to 55 m.y. for the 
main-phase granitic plutons of the Bitterroot batholith. These ages are actually 
lower intercept ages for zircon and monazite rims, and may reflect lead loss 
since crystallization, rather than the crystallization age itself. It seems likely that 
some lead loss occurred subsequent to crystallization, possibly during cooling of 
deeper granite, during mylonitization, or during Eocene igneous activity. If this
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is the case, the main-phase plutons of the batholith are probably late Cretaceous 
in age. Upper intercepts reported by the above authors for zircon cores are 
Precambrian, reflecting the age of the metasediments from which the granitic 
magma was at least partially derived.
The Ar-Ar cooling age for hornblende in the batholith below the mylonite 
zone is 51 m.y. (Garmezy, 1983). This means that rocks below the mylonite 
cooled to about 500°C, the Ar blocking temperature for hornblende, at about 51 
Ma. If the temperatures of amphibolite-grade mylonitization were in the range 
650-675°C, as estimated above, mylonitization must have ended substantially 
before 51 Ma.
The shallowly emplaced Burnt Ridge pluton, intruded into deeply 
emplaced main-phase granites east of the mylonite zone, yields Ar-Ar plateau 
ages for muscovite of about 51 m.y. The Ar blocking temperature for muscovite 
is about 300°C, suggesting a somewhat older crystallization age of 53-51 m.y. 
for the Burnt Ridge pluton (Garmezy, 1983). This relationship suggests that by 
53 Ma the Bitterroot batholith had been uplifted to fairly shallow levels, and 
amphibolite-grade mylonitization had been active for some time, though because 
of the position of the pluton in the inferred upper plate of the shear zone, there 
is no direct evidence that mylonitization preceded its emplacement.
The data cited above, and the field relationships in 
Blodgett and Canyon creeks, indicate that amphibolite-grade mylonitization began 
shortly after emplacement, and before the late stages of crystallization of the 
main-phase granitic plutons in the Bitterroot batholith. This places a maximum
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age of mylonitization between about 66-57 m.y., depending upon interpretation of 
the U-Pb data for the age of these plutons. Amphibolite-grade mylonitization 
apparently ceased sometime before 53-51 Ma. This age corresponds with cooling 
to below 500°C, and with the apparent beginning of emplacement of shallow 
plutons within previously deep portions of the batholith.
Lower intercept U-Pb dates of 49-46 m.y. from zircon rims and monazite 
within the mylonite zone may reflect resetting of the U-Pb systematics during the 
Eocene Challis plutonic/volcanic event, or may record the actual crystallization 
age of these rocks (Bickford and others, 1981), and thus the age of final 
mylonitization. Shallow plutons and dikes from the Challis event are widespread 
in the area, and extensive hydrothermal activity associated with these plutons has 
been documented (Criss and Taylor, 1983). It seems more likely, therefore, that 
these lower intercept ages are from discordant zircon populations, related to the 
Eocene thermal event. This possibility is noted by Bickford and others (1981) 
for their data. Temperatures associated with chloritic brecciation would be 
insufficient to recrystallize zircon rims, and so this event may be even younger 
than 49-46 m.y. (Hyndman and Myers, 1988).
Rapid cooling between about 300® and 100®C , Ar-Ar blocking 
temperatures of muscovite and apatite, respectively (Garmezy, 1983; Garmezy and 
Sutter, 1983), to roughly 40 Ma probably reflects renewed movement and uplift 
on the shear zone under lower greenschist and brittle conditions. These 
temperatures are consistent with temperatures determined from oxygen isotope 
studies within the chloritic breccia (Kerrich and Hyndman, 1986).
TABLE 2. RADIOMETRIC AGES OF ROCKS IN THE 
BITTERROOT BATHOLITH
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STUDY METHODS SAMPLE TYPE AGE
4
5
fission-track, 
sphene
U-Pb, zircon
U-Pb, zircon
Ar-Ar
Ar-Ar
U-Pb, zircon
K-Ar, B, H 
K-Ar, H 
K-Ar
quartz diorite 
orthogneiss
main-phase
granodiorite
quartz diorite 
marginal pluton
main-phase
granite
feldspar megacr- 
yst granite, 
m y l . zone 
granite
mylonite zone
Burnt Ridge 
pluton
granitic
mylonite
mylonite
epizonal plutons
Burnt Ridge 
pluton
"81 my 
66±10 my 
7 3±6 my 
55 my 
49-46 my
"45.5 my
53-51 my
46 my
45-44 my 
52-47 my
54-52 my
References: 1. Ferguson, 1975; 2. Chase, Bickford and Tripp, 1978; 3. Bickford 
and others, 1981; 4. Garmezy and Sutter, 1983; 5. Garmezy, 1983; 6. Chase, 
Bickford and Arruda, 1983; 7. Fleck and Criss, 1985. B=biotite; H=homblende.
CHAPTER 4
EXTENT OF TRANSPORT DURING AMPHIBOLITE-GRADE 
MYLONITIZATION
The minimum amount of transport on the shear zone during amphibolite- 
grade mylonitization may be approximated by the known minimum offset of a 
swarm of mafic dikes, originally emplaced west of the present Bitterroot divide. 
Some of these dikes are now transposed into the shear zone, and are especially 
numerous in the cliffs of Blodgett Canyon, where they continue as far east as the 
mouth of Blodgett Creek.
In order to estimate the amount of transport on the shear zone, or the 
amount of top-to-the-east offset, it was necessary to locate the source for the 
mylonitized dikes in Blodgett Canyon. The most obvious place to look for a 
source is in the opposite direction of slip, or 180® from the trend of the mineral 
stretching lineation, roughly west-northwest in this case. There is a swarm of 
mafic dikes in this direction, west of the Bitterroot divide and structurally below 
the mylonite, as indicated on the map in Figure 13. The swarm appears to be 
associated with a large multiphase diorite complex near the Elk Summit guard 
station. A traverse approximately along the slip direction from the Elk Summit 
guard station to Blodgett Pass helped to determine the extent of the swarm, 
though dense forest cover and steep ridges prevented an exact delineation of the 
boundaries. The swarm appears to extend as far east as Blodgett Pass. No 
mafic dikes were found east of the divide and structurally below the mylonite, 
and because the inferred transport direction on the mylonite zone (105-110°)
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Figure 13. Field area map showing approximate location of mafic dike swarm 
west of the Bitterroot divide, and path of traverse.
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would offset the dike swarm west of the divide to the transposed dikes in 
Blodgett Canyon, this swarm is the most probable source for Blodgett Canyon 
dikes.
The swarm west of Blodgett Pass may be an extension of a large swarm to 
the south, shown on the reconnaisance map of the Selway-Bitterroot Wilderness 
Area by Toth (1983a), and in part on the map in Figure 13. There is not 
enough information at present to conclusively link the swarms, though their 
juxtaposition suggests perhaps a NNW trend of mafic intrusion corresponding 
approximately with the location and trend of the Bitterroot divide.
To estimate the path length of the shear zone, and thus the transport amount, 
from the horizontal offset of the dikes, it is necessary to take into account the 
fact that the mylonite where now exposed represents only a small segment of the 
original shear zone. The western part has been eroded away. But the path 
length along the shear zone may be approximated from the shape of the 
Bitterroot dome, which formed by isostatic rise of the batholith during 
decompression (Wiswall and Hyndman, 1987). Figure 14a is a cross-section, 
drawn along the slip direction from the large Elk Summit diorite complex to the 
mouth of Blodgett Creek. The approximate shape of the dome before erosion is 
indicated, as well as the position of the remaining mylonite. The mylonitic 
foliation follows the shape of the dome exactly on its eastern flank, and the crest 
of the dome coincides with the present Bitterroot divide. Figure 14b is a sketch 
of the dome, divided into several equal segments for the purpose of calculating 
the path length. On the eastern flank, the dip of the dome is 25°, corresponding
Bitterroot Dome
•6000
-6000
I TKd ;  
complex 7 Mafic dikes 4000
Malic dikes
elevation
(teet)
Figure 14a. Cross section along trend of mylonitic lineation from the mouth of Blodgett 
Creek to the large diorite complex near Elk Summit guard station (refer to Figure 13).
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to the mylonitic foliation. At the crest the dip is horizontal. By measuring the 
map distance between the mouth of Blodgett Creek and the dike swarm west of 
the divide, and calculating the path length for this distance over the dome, the 
amount of transport on the shear zone during amphibolite-grade mylonitization 
must have been more than 20 km. This is a minimum estimate for a few 
reasons. First, the mylonite extends eastward beneath the Quaternary sediments 
of the Bitterroot Valley, and the dikes may be offset much farther than we can 
actually see. Secondly, only the map distance from the easternmost extent of the 
dike source was used in this calculation. If the entire distance to the large 
diorite complex is taken into account, the amount of transport would be well 
over 30 km. Therefore, a more likely estimate for the amount of transport is 25 
± 5km.
TECTONIC INTERPRETATIONS
Several tectonic events affected the Bitterroot batholith since its emplacement 
in the latest Cretaceous to Paleocene. The first of these is an amphibolite-grade, 
top-to-the-east shearing event. The evidence presented here strongly suggests that 
this shearing took place during the late stages of crystallization of the batholith, 
at the temperatures of the granitic solidus. Shortly following the major shearing 
event came the emplacement of a suite of shallow granitic plutons and the 
associated Challis volcanic rocks, beginning about 53-51 Ma. This igneous 
activity may have been in response to the rapid removal of cover rocks and 
pressure-relief melting of deep crustal rocks during amphibolite-grade
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mylonitization (Hyndman and Myers, 1988). Additional emplacement of shallow 
plutons (up to about 46 Ma) and formation of the greenschist-grade mylonite and 
chloritic breccia followed. Renewed extensional movement and uplift of the 
batholith occurred until about 40 Ma, as evidenced by Ar-Ar cooling dates 
(Garmezy and Sutter, 1983). These later events may have caused thermal 
overprinting of rocks in the mylonite zone, as circulating fluids cooled the 
shallow plutons.
The rapid decrease in temperature of several hundred degrees between the 
late Cretaceous to Paleocene amphibolite-grade mylonitization and cooling below 
500°C, sometime before 53 Ma, suggests that the mylonite formed in an 
extensional environment. Cooling dates cited above, corresponding with 
temperatures appropriate for chloritic brecciation, indicate extension and rapid 
uplift as well. An extensional model also accounts for the emplacement of the 
shallow granitic magmas associated with the Challis plutonic and volcanic event 
into previously deep portions of the batholith.
Given the evidence for mylonite formation during the late stages of batholith 
crystallization, the presence of a large volume of granitic magma may have been 
an important factor in the development of the shear zone. It may have provided 
a zone of weakness necessary for the initiation of crustal shearing, and for the 
large amount of transport observed in this area. Lubrication of the shear zone 
may also be a factor. The emplacement of granitic magma into crust 
overthickened by Cretaceous compression and thrusting (Hyndman and others, 
1975) may have been just the impetus needed for the crust to fail. The present
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thickness of crust below the Bitterroot mountains is about 35-40 km (Smith,
1978), which, compared to the 50 km-thick crust to the east, is not thin enough 
to account for the large amount of extension that must have taken place. This 
suggests that the crust in this area must have been tectonically thickened prior to 
batholith emplacement and subsequent removal of cover rocks.
Gravitational instability alone would not have been enough to initiate 
extensional collapse of the crust, depending upon the stress regime operating at 
the western margin of the North American plate. When the batholith had 
almost completely crystallized, and its strength increased, ductile shearing 
apparently ceased. The common occurence of large mesozonal granitic plutons in 
metamorphic core complexes lends support to the idea that a history of 
compressional tectonics, and possible crustal telescoping, along with the added 
weakness and high fluid content (and thermal disturbance?) associated with 
incompletely crystallized plutons and batholiths, may be responsible for crustal- 
scale shearing and the formation of mylonite zones in core complexes.
A model for gravitational collapse of tectonically thickened crust, and 
isostatic rebound, was applied to the Bitterroot metamorphic core complex by 
Hyndman (1980), who related the thrusts on the eastern edge of the Sapphire 
Range to this movement. Coney and Harms (1984) advanced an extensional 
model for the gravitational collapse of a welt overthickened by compressional 
tectonics. The location of the welt corresponds fairly accurately with the present 
belt of metamorphic core complexes in North America. The movement picture in 
the Bitterroot metamorphic core complex supports this type of model. High rates
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of uplift along the mylonite zone probably reflect a combination of gravitational 
collapse, facilitated by regional crustal extension, and isostatic rise of the 
Bitterroot dome.
There is little doubt that the Sapphire Range represents the former cover of 
the Bitterroot batholith. The movement lineation, and the transport estimate 
above, both suggest a tectonic relationship. Thrusts on the eastern edge of the 
Sapphire Range appear to be up to 20 m.y. older than the mylonitic deformation, 
and though thrusting in the area may have been an important factor in later 
mylonite formation, there appears to be no direct temporal correlation. Further 
evidence relating the Phillipsburg batholith on the eastern edge of the Sapphire 
Range with the main-phase Idaho-Bitterroot batholith may ultimately link 
amphibolite-grade mylonitization with thrusting in the Sapphire Range, but until 
the discrepency in the ages of the plutons is resolved, that model does not appear 
feasible.
CHAPTER 5
DISCUSSION AND CONCLUSIONS
Many questions concerning the evolution of the Bitterroot metamorphic core 
complex remain unanswered. In this study I have tried to use field relationships 
to constrain some of the conditions of amphibolite-grade mylonitization, and to 
estimate the amount of offset on a particular segment of the shear zone. It was 
necessary to rely on age data and estimates for pressure and depth of 
emplacement that could perhaps be better constrained, and it is with this in mind 
that I put forth the following suggestions for further study. Reliable age data is 
especially important in determining the tectonic settings and ages of the many 
events affecting the Idaho-Bitterroot batholith. The probability of lead loss in 
zircon samples is very high in this area, and several discordant zircon populations 
may exist. For this reason it is important to be able to date individual grains, 
and specific regions within a grain, in order to accurately separate the different 
zircon populations by type as opposed to simple size and magnetic fractions.
This is possible with an ion probe, and may clarify the ages of the batholith, 
mylonitization, and shallow plutons a great deal.
Secondly, detailed geobarometric studies on the various plutons in the 
Bitterroot region would serve to better constrain the pressures and depths of 
emplacement for plutons of different ages, and provide a more reliable measure 
of uplift rates. A few different geobarometers which may prove useful in the 
Bitterroot include the pressure-sensitive solubility of total aluminum in hornblende 
(Hammarstrom and Zen, 1986), and the pressure-sensitive Si-content of muscovite
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6 1
in equilibrium with biotite, alkali feldspar, quartz, and a hydrous fluid (Powell 
and Evans, 1983). The use of igneous phases for barometric determinations is 
critical, because of the extensive overprinting in the Bitterroot. The assumption 
that these phases represent near-emplacement conditions is not unrealistic in the 
case of the Bitterroot mylonite, since mylonitization began soon after 
emplacement of the main-phase plutons. In order to make this assumption, 
however, strictly rim or near-rim compositions of porphryroclasts must be used. 
Geobarmometry by itself may clarify emplacement depths, but only with more 
reliable age data will this information effectively reveal the tectonic history of the 
Bitterroot metamorphic core complex.
In conclusion, the amphibolite-grade mylonite on the eastern flank of the 
Bitterroot Mountains formed during the late stages of crystallization of the Idaho- 
Bitterroot batholith, and ceased in response to final crystallization and increased 
strength of the rocks. Evidence for this includes a greater degree of ductile 
strain in late-stage pegmatite dikes than in the surrounding granodiorite, and thin, 
undeformed pegmatite dikes that crosscut mylonitic foliation in the granitic rocks 
at a high angle. These relationships suggest a deformation temperature of 650- 
675°C, coinciding with the solidus temperature for granitic pegmatites at an 
estimated 4.5-5 kb. The age of amphibolite-grade mylonitization, then, is the age 
of crystallization for the main-phase plutons of the Idaho-Bitterroot batholith, 
approximately late Cretaceous to Paleocene, depending upon the interpretation of 
the available U-Pb age data.
6 2
The presence of partially crystallized granitic material may have been an 
important factor in the development of the shear zone, and the resultant mylonitic 
fabrics, providing lubrication and a zone of weakness necessary for the failure of 
tectonically overthickened crust. The large amount of transport seen in the offset 
of mafic dikes in the shear zone may also be due, in part, to the relatively easy 
failure of the batholith in the late stages of crystallization. Because mesozonal 
granitic plutons are very common as protoliths in other metamorphic core 
complexes, it is plausible that they could have played a similar role in the 
initiation of the associated crustal-scale shear zones.
APPENDIX A
Thin section analysis of representative rock types (volume %  visual estimate). 
g=granitic rock, p=pegmatite, md=mafic dike.
Sample # BC-5„, CA-7p CC-2, BL-3, BC-4„, CA-8p
Plagioclase 30 32 35 33 55 31
K-feldspar -  38 30 29 -  36
Quartz 15 25 25 28 15 25
Biotite 25 4 2 20
Muscovite — 3 4 5 — 2
Hornblende 30 — — — 7
Myrmekite — 2 2 1 — 5
Accessory minerals common to nearly all rocks in this study: apatite, zircon, 
sphene, and opaque minerals.
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